S oybean production in the United States represented nearly 26 million harvested ha with a gross production value of approximately $27 billion in 2007 (NASS, 2008) . Soybean production methods throughout the United States diff er by region. Th e upper midsouthern United States is divided into two distinct soybean production environments. Th e Mississippi delta region of Arkansas, Mississippi, and south Missouri is relatively fl at, facilitating irrigation without inducing severe soil erosion. In contrast, Kentucky, Tennessee, eastern Mississippi, and northern Alabama are rolling uplands, highly erodible soils with many fi elds less than 40 ha in size, a combination that is not conducive to irrigation. Despite little irrigation, nearly 1.1 million ha of soybean were grown in this region in 2007 (NASS, 2008 .
Soybean production in the upper midsouthern United States has historically relied on maturity group (MG) IV and V. However, seed yields can be poor due to drought (Purcell et al., 2003) . While MG IV and V cultivars fi t the region's daylength, their reproductive phase (specifi cally pod set through seed fi ll) falls into the later summer months, typically the driest part of the year (Purcell et al., 2003; Heatherly and Elmore, 2004) . Drought stress during this critical growth phase limits yield by reducing pod set, seeds per pod, and/or seed size (Heatherly and Elmore, 2004; Specht et al., 1999) .
Th e concept of drought avoidance served as the foundation for developing the early soybean production system (ESPS). In the ESPS, indeterminate soybean MGs III and IV cultivars are planted beginning in late March and through April (Heatherly and Elmore, 2004) . Due to higher precipitation in late winter, spring, and early summer, the crop has more available water and maximizes vegetative growth. It also places less of the crop's reproductive growth in the drier late-summer months, resulting in reduced plant stress, better water use effi ciency, and potentially higher yields. However, production practices have yet to be optimized in ESPS for the upper Midsouth.
Soybean is produced on a wide range of row spacings, but most data indicate that narrow rows (<50 cm in the southern United States and <38 cm in the northern United States) produce higher yields due to faster canopy closure and increased light interception earlier in the season (Heatherly and Elmore, 2004 ) at higher seeding rates (Edwards and Purcell, 2005) to compensate for the more upright growth, limited branching, and potentially reduced plant height and main stem node numbers in MG III cultivars. In the southern United States, both irrigated and nonirrigated environments produce higher yields in narrow rows (≤50 cm wide) (Heatherly, 1988; Ethredge et al., 1989; Boquet, 1990; Oriade et al., 1997; Bowers et al., 2000) . However, the yield advantage of narrow rows over years was inconsistent and relatively small without irrigation (Heatherly, 1988) . Soybean grown in narrow rows depletes soil water more rapidly during vegetative development (Alessi and Power, 1982; Taylor, 1980; Van Doren and Reicosky, 1987; Heatherly and Elmore, 2004) . Although early-season water use is usually benefi cial, it may be detrimental in rain-fed environments where water stored in the soil from early-season rainfall is not suffi cient to compensate for low rainfall during reproductive growth. In a series of no-till, multistate studies, soybean yield was greater when grown in rows spaced 18 to 25 cm apart than rows spaced 76 to 91 cm apart at 6 of 21 sites (Oplinger et al., 1998; Heatherly and Elmore, 2004) . Furthermore, soybean row spacing may be infl uenced by other crops commonly produced in rotation with soybean in the upper midsouthern United States such as corn (Zea mays L.), cotton (Gossypium hirsutum L.), and grain sorghum [Sorghum bicolor (L.) Moench]. Depending on which of these crops are rotated with soybean, optimum row spacing may be compromised to achieve the desired row spacing of the rotated crops, allowing the usage of a single planter to reduce production costs.
Data from the northern United States indicate a fi nal stand of approximately 250,000 plants ha −1 is adequate to maximize yield, while research from the southern United States suggested a broader range of 200,000 to 300,000 plants ha −1 at harvest is needed for optimum yield (Heatherly and Elmore, 2004) . Bowen and Schapaugh (1989) reported that excessive seeding rates can lead to competition stress. Board (2000) reported soybean yield was equal among low, medium, and high plant populations due to higher relative leaf expansion rates and increased light interception in the lower populations. Similar yields among diff erent populations were attributed to changes in dry matter partitioning in branches due to diff erences in light quality among the diff erent plant populations. Board (2001) later reported that decreased lodging in low vs. high population was associated with reduced plant height, increased main stem thickness and morphological changes that were attributed to diff erences in light quality for low vs. high plant populations. Data have also shown that uniform stands of as few as 100,000 harvestable plants ha −1 can maximize yield, though this has not been consistently established (Board, 2000) .
Seed quality, tillage, residue, soil temperature, and seedbed condition require consideration when selecting a seeding rate. Typical estimates of fi nal soybean stand are usually made within a few weeks of emergence and may vary from 50 to 80% of planted seed. While most producers calibrate for a desired seeding rate and assume a fi nal stand based on seed germination, they oft en do not know actual soybean population at harvest. Knowing actual soybean population at harvest can be helpful for optimizing seed resources and maximizing profi ts.
Early plant populations are oft en misused interchangeably with fi nal plant population, and formulas designed to calculate seeding rate based on desired fi nal stand take into account seed germination and emergence but oft en neglect seasonal attrition. Failure to use accurate fi nal populations in the development of relationships between seeding rate and desired fi nal populations may result in incorrect seeding rates and less than optimum fi nal plant populations with reduced yield potential.
Th e hypotheses of this research were (i) MG III soybean will produce higher yields on narrow rows than wide rows in the nonirrigated upper midsouthern United States and (ii) fi nal plant populations of at least 250,000 plants ha −1 will optimize yield of MG III soybean in this region. Th e objectives of the research were to (i) determine optimum fi nal plant populations, defi ned as the population that produces 95% of the maximum yield (Stanger and Lauer, 2006) , of MG III soybean produced on narrow and wide rows in the region and (ii) identify the relationship between soybean seeding rate and fi nal plant population.
MATERIALS AND METHODS
Field experiments were conducted during 2006 and 2007 at the University of Tennessee Research and Education Center at Milan (35.92º N, 88.74º W) . Th e soil was a Falaya silt loam (coarse-silty, mixed, active, acid, thermic Aeric Fluvaquents). Th e experiment design was arranged in a randomized complete block in a split-plot design with four replications. Th e main plot was cultivar and the subplot consisted of a two-factor factorial treatment arrangement of row spacing by seeding rate.
Two glyphosate-resistant MG III soybean cultivars, Asgrow 3906 and Pioneer 93M90, were grown in each year. Treatments were row spacing × seeding rates. Row spacing was either four rows spaced 76 cm apart (wide) or seven rows spaced 38 cm apart (narrow) with a row length of 3.0 by 9.1 m ( Table 1) . Seeding rates (×10 3 ) were 247, 296.4, 370.5, 444.6, 518.8, and 592.8. Soybean cultivars selected had comparable high yield potentials based on the results of MG III variety tests conducted by the University of Tennessee in environments similar to the experiment sites chosen for this research. Soybean seeds were no-till planted using a modifi ed John Deere MaxEmerge 7240 planter (John Deere Corp., Moline, Illinois) equipped with a Rawson AccuRate hydraulic seed drive (Rawson Control Systems, Inc. Oelwein, Iowa). Soybean cultivars, maturity group, percent germination, planting and harvesting dates are indicated in Table 1 . Seeds were treated with the fungicide ApronMAXX RTA [mefenoxam, (R)-2-[(2,6-dimethylphenyl)-methozyacetylamino]-propionic acid methyl ester + fl udioxonil, 4-(2,2-difl uoro-1,3-benzodioxol)-1H-pyrrole-3-carbonitrile, Syngenta Crop Protection, Greenboro, NC)] for prevention of fungal seedling diseases. Weeds were controlled with the burndown application of glyphosate + dicamba (3,6-dichloro-2-methoxybenzoic acid) before planting followed by two postemergence applications of glyphosate each year. All fertility management practices were conducted according to University of Tennessee recommendations (Flinchum, 2001) .
Stand counts were conducted in mid-June as plants were beginning to fl ower (R1) and fi nal stand counts were conducted in all years immediately aft er harvest. All soybean stems were counted in rows two and three of each four-row plot and rows three and fi ve of each seven-row plot. Stand count values were used to calculate plant populations. Seed yield was estimated by harvesting rows two and three of each four-row plot and rows two through fi ve of each seven-row plot at harvest maturity using a Kincaid 8XP plot combine (Kincaid Equipment Mfg., Haven, KS). Seed yield was adjusted to a moisture content of 13%.
Analysis of variance (ANOVA) was performed using Proc Mixed in SAS (SAS Institute, 2003) . Year, row spacing, cultivar, seeding rates and their interactions were fi xed eff ects and replication within year and replication × cultivar within year were considered random eff ects. Since growing conditions, especially precipitation, were extremely variable across years (Table 2) , causing year to interact signifi cantly with other factors, results were presented and discussed by year.
Additional ANOVA was performed using soybean seeding rate, early plant population, and fi nal plant population as a covariate. Soybean seeding rate, early plant population, and fi nal plant population were fi tted to linear, curvilinear, and quadratic models to determine the best indicator for optimum soybean yields of MG III cultivars. Th e fi nal model for each year × variable combination was determined using a backward stepwise selection process where the full model including all main eff ects and interactions is considered fi rst. Th en interactions involving the covariate were eliminated in a stepwise fashion until the only interactions remaining were signifi cant at P ≤ 0.1 (De Bruin and Pederson, 2008) .
RESULTS AND DISCUSSION
In 2006 a log linear relationship best described the relationships between yield and seeding rate and early and fi nal plant populations. Seeding rate and early and fi nal plant populations necessary to produce maximum seed yields in 2006 were outside of seeding rates utilized or fi nal populations observed in this study. Signifi cant cultivar × row-spacing interactions occurred in all models describing yield as indicated by seeding rate, early plant population, or fi nal plant population (Table 3) . Seeding rate, early plant population, and fi nal plant population were all highly signifi cant (P < 0.0001) in their respective models (Table 3) .
Seeding rates necessary for optimum yield for each cultivar × row-spacing combination were much less than those required for maximum yield (Table 4) . Seeding rates for 95% of the maximum yield were slightly less for each cultivar when planted on 15-cm row spacing versus 30-cm row spacing, approximately 360,000 seed ha −1 versus 370,000 to 380,000 seed ha −1 , respectively. Higher early plant populations were required for maximum yield compared with those necessary for 95% of the maximum yields (Table 5) , and early plant populations required for 95% of the maximum yield were lower than seeding rates required for these yields (Tables 4, 5). Maximum yields were produced by fi nal plant populations much lower than the seeding rates and early plant populations indicated as necessary to produce these yields (Tables 4, 5, 6). Generally, fi nal plant populations of 290,000-326,000 plants ha −1 produced optimum yields in 2006 (Table 6) .
Although fi nal plant population was the best indicator for yield in 2006, it is diffi cult to accurately predict fi nal populations based solely on seeding rate or early plant population. Extreme environmental conditions in soil moisture, temperature, disease and insect pressure can negatively infl uence fi nal population. Until new research fi ndings show diff erently, earlier fi ndings relating to seeding rate and early plant population to yield are still valid for optimizing yields. Following seedling emergence, producers should assess early plant population and stand uniformity to ensure optimum yield potential. Th is should be conducted early enough in the season to allow the producer the option to replant if germination, emergence, or plant survival is inadequate to deliver optimum yield.
Compared with 30-yr precipitation averages, 2006 was the most normal year in terms of rainfall (Table 2 ). Suffi cient water was available to soybean plants throughout the vegetative and reproductive periods, minimizing intra-species competition for 
--N S † P S = seeding rate; P E = early plant population; P F = fi nal plant population. ‡ Model was reduced when appropriate by eliminating nonsignifi cant (NS at P ≤ 0.1).
water in soybean planted on 38-cm row spacing. Despite more plentiful and regular rainfall in 2006, yield response to row spacing again was cultivar specifi c. Asgrow 3906 responded to narrow row spacing with increased yield (Fig. 1) . Th e varietal yield response to row spacing was however, inconsistent, and this was also reported by Heatherly (1988) . In 2007 drought occurred, resulting in the low yields. Water defi cits throughout 2007 led to reduced emergence and self-thinning. Th is was evident in both 38-cm and 76-cm row spacings, with a much greater degree in the wider rows. Early and fi nal plant populations were highly variable with respect to seeding rate, and no relationship between seeding rate and yield was observed (data not shown).
A log linear model best explained the relationship between early plant population and yield. Only early plant populations were signifi cantly diff erent, as indicated by its F and P value (Table 7) . Th e log linear regression equation showed separate intercepts for all cultivar × row-spacing combinations with a common slope among models (Table 7) . Early plant populations required for maximum yields ranged from 349,600 to 438,500 plants ha −1 , but those required for 95% of maximum yields were much lower, ranging from 222,100 to 284,300 plants ha −1 .
A quadratic model best explained the relationship between fi nal plant population and yield showing a signifi cant row spacing × fi nal plant population occurred. Th e square of the fi nal plant population component was statistically signifi cant, indicating the yield response to fi nal plant population was not strictly linear (Table 8) . Quadratic regression equations were determined, and separate intercepts existed for each cultivar × row-spacing combination with a common slope across cultivars for each row spacing Asgrow 3906  38  2908  1130  4910  4665  592,800  359,400   Asgrow 3906  76  2370  1130  4372  4153  592,800  379,600   Pioneer 93M90  38  2840  1130  4843  4601  592,800  361,800  Pioneer 93M90  76  2685  1130  4688  4454  592,800 367,600 † Y = soybean seed yield in kg ha -1 ; P S = seeding rate in seed ha -1 /10,000. ‡ Same slope was used for all cultivars. Slope was signifi cant at F = 20.78 (P < 001). 284,300 † Y = soybean seed yield in kg ha -1 ; P F = seeding rate in seed ha -1 /10,000. ‡ Same slope was used for all cultivars. Slope was signifi cant at F = 13.03 (P < 0.001).
and a common quadratic component across all cultivar × row-spacing combinations ( were necessary to produce optimum yields by soybean planted on rows spaced 76 cm apart. In drought-stressed environments, seed yields at low plant populations are oft en equivalent or higher to those at dense populations (Alessi and Power, 1982; Devlin et al., 1995; Elmore, 1998; Taylor, 1980) . Averaged across fi nal plant populations and cultivars, soybean planted on narrow (38 cm) and wide (76 cm) row spacing produced comparable yields of 1763 and 1870 kg ha −1 , respectively with no signifi cant diff erence between the two row spacings. Th is agrees with previous fi ndings (Alessi and Power, 1982; Frederick et al., 1998; Heatherly, 1988; Taylor, 1980) . Based on this research, the following can be concluded: First, MG III soybean produced in nonirrigated sites of upper midsouthern United States can provide acceptable yields to producers and off er the convenience of earlier harvest. Maturity group III cultivars provided comparable yields to MG IV and V cultivars. Second, although yield response to narrow row spacing appeared to be related to cultivar and environment, narrow rows always provided yields that were at least equal to and in some cases greater than wide row. To best utilize MG III cultivars in upper midsouthern United States, cultivars should be planted on narrow row spacing, if possible, to take advantage of potential cultivar × environment interactions that maximize yields (Bowers et al., 2000; Heatherly and Elmore, 2004) . Finally, data from this study did not identify an optimum seeding rate that provides a fi nal population producing optimum yields. Regression equations usually called for higher seeding rates and higher early plant populations than necessary to provide optimum yields. In a year such as 2006 or drought year like 2007 optimum yields were oft en obtained with relatively low fi nal plant populations. Th ese data agree with previous research on soybean seeding rates and plant populations (De Bruin and Pederson, 2008; Lee et al., 2008; Pederson, 2008) . Optimum yields at very low fi nal populations illustrate the resiliency of soybean and its ability to compensate for low but uniform plant populations by increasing the number of fruiting branches and branch pods, resulting in more seed plant −1 (Koger, 2009 ).
Data compiled from the studies reported here suggest that in nonirrigated sites of the upper midsouthern United States, MG III cultivars should be planted on narrow row spacing at a general seeding rate of approximately 450,000 seed ha −1 . Assuming a fi nal stand of at least 66% of the seeding rate, a fi nal population of 300,000 plants ha −1 at harvest should provide optimum yields in most years. Further research at multiple locations would be benefi cial in forming more accurate associations among seeding rate and early and fi nal plant populations.
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